The discovery that photosynthetic marine cyanobacteria can actually leak CO 2 has been predicted from theory but, until now, never experimentally demonstrated. The apparent paradox can be explained by known chemistry and biochemistry, but the phenomenon may have important implications for paleoclimatology. This so-called 'biological pump' helps to maintain an atmospheric CO 2 concentration approximately 400 ppm lower than it would be without marine photosynthesis [3] . The paper by Tchernov et al. [4] in this issue of Current Biology, however, suggests that, in the course of fixing inorganic carbon, marine cyanobacteria actually leak CO 2 into the surrounding water, resulting in an elevated CO 2 concentration in the immediate vicinity of the cells. This experimental observation raises an apparent paradox: how can phytoplankton photosynthesis lead to a depletion in CO 2 while the cells are simultaneously exuding the gas? CO 2 is a unique gas. In aqueous phase, it undergoes a nucleophilic attack from water, forming ions. These reactions are summarized as:
This so-called 'biological pump' helps to maintain an atmospheric CO 2 concentration approximately 400 ppm lower than it would be without marine photosynthesis [3] . The paper by Tchernov et al. [4] in this issue of Current Biology, however, suggests that, in the course of fixing inorganic carbon, marine cyanobacteria actually leak CO 2 into the surrounding water, resulting in an elevated CO 2 concentration in the immediate vicinity of the cells. This experimental observation raises an apparent paradox: how can phytoplankton photosynthesis lead to a depletion in CO 2 while the cells are simultaneously exuding the gas? CO 2 is a unique gas. In aqueous phase, it undergoes a nucleophilic attack from water, forming ions. These reactions are summarized as:
The hydration/dehydration reactions are relatively slow; for example, the rate constant for conversion of bicarbonate to CO 2 is approximately 0.03 sec -1 in seawater. In the oceans, which have an average pH of 8.1 and an average temperature of 18°C, approximately 95% of the dissolved inorganic carbon is in the form of bicarbonate anion. The concentration of bicarbonate is approximately 2.0 mM, while that of CO 2 is only 10 µM. It should be noted that these concentrations are equilibrium values; in the vicinity of algal cells, the ocean carbon system is never at equilibrium, but always tending towards equilibrium.
The photosynthetic carboxylation reaction, catalyzed by ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco), specifically uses CO 2 as a substrate in the following reaction:
The half-saturation constant for Rubisco in eukaryotic phytoplankton is approximately 100 µM, and is generally higher in cyanobacteria. Hence, in the absence of some mechanism to pump up the concentration of CO 2 at the carboxylation site, the rate of photosynthesis in marine phytoplankton would be extremely low, and limited by the supply of CO 2 . Although there is some suggestion that phytoplankton photosynthesis is sometimes limited by inorganic carbon [5] , most measurements suggest otherwise [6] . Indeed, there is increasing evidence that phytoplankton can maintain high intracellular inorganic carbon levels by a 'carbon concentrating mechanism', which appears to actively transport bicarbonate ions from the bulk fluid, across the plasma membrane, into the cell [6] . The bicarbonate is converted to CO 2 by carbonic anhydrase, thereby supplying Rubisco with its substrate.
Carbonic anhydrase is one of the most efficient enzymes known, with a catalytic turnover rate of approximately 6 x 10 6 sec -1 . This rate is approximately 10 2 -10 3 -fold higher than that for the reaction catalyzed by Rubisco. Hence, intracellular CO 2 can rise to approximate the equilibrium value permitted by the cytosolic pH (about 7.3) and the total (higher) inorganic carbon concentration within the cell. Under such conditions, CO 2 levels can be 10 2 -fold higher inside the cell than in the external fluid. Given the general permeability of plasma membranes to CO 2 , some of the intracellular CO 2 supply may diffuse into the outside world. Indeed, the experimental results of Tchernov et al. [4] elegantly demonstrate this effect. Thus, while the cell is actively photosynthesizing, it can actually be a point source of CO 2 to the surrounding water. The efflux is directly related to photosynthetic activity, and is coupled to irradiance. Whether the influence of irradiance is on the carbon concentrating mechanism or on carbonic anhydrase expression, or both, remains to be elucidated. It should be stressed that the cell still draws down total inorganic carbon, only that the CO 2 observed is higher, rather than lower, than predicted by the equilibrium rate constants.
The elevated CO 2 levels reported by Tchernov et al. [4] can only be observed at artificially high levels of cells. For example, given an average cellular chlorophyll level of approximately 5 fg for Synechococcus, typical cell concentrations used in the experiments were on the order of 10 9 ml -1 . Such a cell density is about five orders of magnitude higher than that under bloom conditions in natural ocean waters, but may approximate values for large algal scums or mats in hyper-eutrophic lakes. We can reasonably assume, however, that the effect reported is not an issue of scale, but rather of sensitivity of measurement.
With the exception of calcifying organisms, high precision measurements of pCO 2 during phytoplankton blooms have, however, almost always recorded lower rather than higher levels of the gas. This apparent contradiction can be reconciled by an understanding of the physico-chemistry of CO 2 in the context of phytoplankton photosynthesis. All phytoplankton are contained within a cocoon of an imaginary boundary layer. For a spherical cell, the efflux of CO 2 into or away from the cell surface is given by Fick's Law, which in spherical coordinates can be described by:
Where J is the flux, R is the cell surface area, D is the molecular diffusion coefficient, C r is the concentration of CO 2 at the cell surface and C is the concentration of CO 2 at some radius that is in equilibrium with the bulk fluid [7] .
The efflux of CO 2 , J CO2 , will be balanced in the bulk fluid by the hydration rate constant, K, where:
Taking a typical cyanobacterium with a 1 µm diameter as an example, a diffusion coefficient of approximately 1.5 × 10 -9 m 2 sec -1 for CO 2 in seawater at 18°C, a rate constant of 0.03 sec -1 for the hydration of CO 2 , a concentration differential (C -C r ) of approximately 20 × 10 -6 mole m -3 , and a measured efflux of approximately 3 × 10 -18 mol CO 2 cell -1 sec -1 , the CO 2 efflux from the cell would reach equilibrium with the bulk fluid within 20 µm from the cell surface. Given an average concentration of cells of 10 4 ml -1 in the upper ocean, the average distance between cells is approximately 10 3 µm. Hence, the effect reported [4] could not possibly be observed by analysis of pCO 2 in the bulk aqueous phase, and is not directly relevant to the flux of CO 2 between the atmosphere and ocean. It does suggest, however, that the pCO 2 level in the immediate vicinity of the cell differs significantly from the bulk phase, a condition that can markedly affect the interpretation of stable isotope fractionation.
The marine sedimentary record has provided an extraordinarily rich source of information regarding biological, chemical and physical processes in the geological epochs.
One of the major goals of paleoclimatologists is to reconstruct atmospheric gas compositions, sea level and temperature from 'proxy' -indirect -indicators in the sediments. Geochemists have proposed that paleoclimatological CO 2 levels in the atmosphere can be reconstructed from the isotopic fractionation of 13 C and 12 C in organic matter. The rationale for such a 'paleobarometer' is based on empirical observations that isotopic fractionation of 13 C in organic matter is correlated with aqueous CO 2 concentrations [8, 9] . This correlation is based on the isotopic fractionation of CO 2 by Rubisco, and the quantitative relationship is adapted from models developed for terrestrial plant systems [10] .
In terrestrial plants, CO 2 is transported into the cells by passive diffusion. A violation of that assumption in marine phytoplankton could result in a significant re-examination of the interpretation of isotopic fractionation in both modern and relict organic material of marine origin. In recent years, it has become increasingly clear to geochemists that the direct application of a diffusive flux model does not account for the observed variability in isotopic fractionation [11] , and attempts have been made to modify the models by accounting for cell size, growth rate and nutrient availability [12] . Such models continue to ignore the preferential uptake of bicarbonate by a carbon concentrating mechanism, let alone the potential complications that may arise from the photosynthetic efflux of CO 2 .
In the scheme presented by Tchernov et al. [4] , the active uptake of inorganic carbon in the form of HCO 3 --for which there is independent support [13] -can, by the action of carbonic anhydrase, enhance the supply of CO 2 to Rubisco and, in so doing, lead to an isotopic enrichment in 13 C. The net result is the production of organic material with an isotopic signature that integrates the supply of total dissolved inorganic carbon relative to the photosynthetic rate of the cell. Hence, deconvolution of pCO 2 from isotopic analysis will be complicated by photosynthetic (and growth) rates, regardless of the source of inorganic carbon. This complication will inevitably lead to an uncertainty in the use of isotopic carbon fractionation in the reconstruction of paleoclimate from the fossil sedimentary record. Hopefully in the next few years biologists and geochemists can work together on this issue to help unravel gnawing and increasingly urgent questions about the role of CO 2 in the Earth's climate.
